The present paper deals with the structure, occurrence and biological activity of ellagitannins. Ellagitannins belong to the class of hydrolysable tannins, they are esters of hexahydroxydiphenoic acid and monosaccharide (most commonly glucose). Ellagitannins are slowly hydrolysed in the digestive tract, releasing the ellagic acid molecule. Their chemical structure determines physical and chemical properties and biological activity. Ellagitannins occur naturally in some fruits (pomegranate, strawberry, blackberry, raspberry), nuts (walnuts, almonds), and seeds. They form a diverse group of bioactive polyphenols with anti-infl ammatory, anticancer, antioxidant and antimicrobial (antibacterial, antifungal and antiviral) activity. Furthermore, they improve the health of blood vessels. The paper discusses the metabolism and bioavailability of ellagitannins and ellagic acid. Ellagitannins are metabolized in the gastrointestinal tract by intestinal microbiota. They are stable in the stomach and undergo neither hydrolysis to free ellagic acid nor degradation. In turn, ellagic acid can be absorbed in the stomach. This paper shows the role of cancer cell lines in the studies of ellagitannins and ellagic acid metabolism. The biological activity of these compounds is broad and thus the focus is on their antimicrobial, anti-infl ammatory and antitumor properties. Ellagitannins exhibit antimicrobial activity against fungi, viruses, and importantly, bacteria, including antibiotic-resistant strains such as methicillinresistant Staphylococcus aureus.
INTRODUCTION
In recent years, the interest in the biological activity of molecules occurring in unprocessed food has increased. Polyphenols, which include ellagitannins, constitute a signifi cant part of such compounds. Ellagitannins are characterized by a complex chemical structure. They are subject to spontaneous lactonisation releasing hexahydroxydiphenoic acid (HHDP), which can be converted into ellagic acid. The mechanisms of the biological activity of ellagitannins vary. They exhibit antioxidant, antimicrobial, anti-infl ammatory, and anticancer properties, as confi rmed by numerous studies [Törrönen 2009 ]. Moreover, ellagitannins prevent obesity [Xiang et al. 2008] . Intake of food rich in ellagitannins can improve health and prevent chronic conditions such as cardiovascular diseases, neurodegenerative diseases, and cancer [Scalbert et al. 2005, www. food.actapol.net/ Erdman et al. 2007 ]. The anticancer activity of ellagitannins and their metabolites is associated with their free radical trapping ability. Therefore, ellagitannins prevent or reduce oxidative stress, which could otherwise induce carcinogenesis, and which is a major cause of atherosclerosis and cardiovascular diseases [Kaneto et al. 2010] .
Ellagitannins exhibit a wide range of biological activity, refl ected in their anti-atherogenic [Kaplan et al. 2001 , Khateeb et al. 2010 , antithrombotic [Teng et al. 1997 , Umar et al. 2003 , Crescente et al. 2009 , De Lange et al. 2007 , Mattiello et al. 2009 ], anti-infl ammatory , Ngoumfo et al. 2008 and anti-angiogenic [Jeon et al. 2005 , Lee and Lee 2005 , Oak et al. 2006 properties. Studies have confi rmed a correlation between the consumption of foods rich in ellagitannins (walnuts, pomegranates) and improved cardiovascular health [Beretta et al. 2009 , Larossa et al. 2010 .
Ellagitannins are classifi ed as nutraceuticals due to their health-promoting properties and signifi cant biological activity. Currently, there are a number of commercially available extracts of medicinal plants and food products containing ellagic acid or ellagitannins, for example: VitaPurity Ellagic Ultra™, Ellagic acid Young Again ® , PomActiv™, and Pomegranate Extract.
THE CHEMICAL STRUCTURE AND METABOLISM OF ELLAGITANNINS
Ellagitannins are esters of HHPD and monosaccharide, usually beta-D-glucose [Chemistry... 2009 ]. There may be monomeric (nupharin A, geraniin, tellimagrandin II), oligomeric (nupharin E, nupharin C, hirtellin A), or C-glycosidic (vescalagin, castalagin). Ellagitannins tend to form high molecular weight dimers and oligomers. The monomer units are carbon-oxygen--carbon bonded [Grundhöfer et al. 2001 , Silva Pinto et al. 2008 . Examples of monomeric and oligomeric ellagitannins are shown in Figure 1 .
C-glycosidic ellagitannins are characterised by a highly specifi c intermolecular bond between the anomeric carbon of one monomer and HHDP or the galloyl group of another monomer [Chemistry... 2009] . The chemical structure of ellagitannins has an infl uence on their susceptibility to hydrolysis. Moreover, being compounds of complex structure, ellagitannins readily undergo chemical reactions (transformation, isomerization and oligomerization) . This group of compounds has diverse physical properties.
The structural diversity of ellagitannins and their hydrolytic susceptibility lead to health benefi ts [Klimczak and Król 2010] . The ester linkages in ellagitannins hydrolyse relatively slowly, which causes prolonged gastrointestinal secretion of ellagic acid [Larrosa et al. 2010]. Some raw materials other than ellagitannins may contain unrelated ellagic acid molecules. In the case of plants containing no free ellagic acid, all the ellagic acid particles present in the gastrointestinal tract are the product of ellagitannin hydrolysis. Ellagic acid may therefore be used as a chemical indicator of the presence of hydrolyzable tannins in plant foods and as a biomarker of dietary ellagitannin bioavailability [Seeram et al. 2004] .
In the gastrointestinal tract free ellagic acid is converted to dimethylated ellagic acid glucuronide, which is then metabolized by the colon microbiota to hydroxy derivatives of dibenzopyran-6H-6-one, which include the following compounds: 3,8-dihydroxyglucuronide-6H-dibenzo-β-D-pyran-6-one, its aglycone urolithin A, glucuronide of hydroxy-6H-dibenzo--β-D-pyran-6-one, its aglycone urolithin B and glucuronide of 3,8,10-trihydroxy-6H-dibenzo-β-D-pyran-6--one [Tomas-Barberan et al. 2009] . Figure 2 shows changes induced in ellagitannins and ellagic acid by the gastrointestinal microbiota [Espin et al. 2013] . The most important products of ellagitannins are urolithins. They are formed by intestinal bacteria during the metabolism of non-absorbed nutrients containing ellagitannins. Urolithins are then incorporated into enterohepatic circulation [Cerdá et al. 2004 , Tomas--Barberan et al. 2006 . Urolithins are bioactive compounds which can play the role of hormone analogs [Heber 2008 , Seeram et al. 2004 .
THE OCCURRENCE OF ELLAGITANNINS IN PLANTS
Ellagitannins occur naturally in certain fruits, herbs and seeds. They are abundant in some berries (especially raspberries, blackberries, currants, and strawberries), as well as walnuts, pistachios, cashews, chestnuts, acorns, and pecans [Hannu 2004 , Zafrilla et al. 2001 , Blomhoff et al. 2006 , Villarreal-Lozoya et al. [Lee and Talcott 2002] . In addition, ellagitannins may be present in alcohol -which was aged in wooden barrels. This is associated with the migration of ellagitannins from wood to the alcohol. Free ellagic acid is also found in some honeys. The occurrence of ellagitannins and ellagic acid in natural and processed plant products is shown in Table 1 . Some plants rich in ellagitannins are commonly used for medical purposes, especially in Asia ]. This group of medicinal plants includes the following species: agrimony (Agrimonia pilosa, containing agrimoniin), camellia (Camellia japonica, camelitannin A), dogwood (Cornus offi cinalis, cornussin A), geranium (Geranium thunbergii, geraniin), avens (Geum japonicum, gemin A), amber tree (Liquidambar formosana, casuarictin), mallotus (Mallotus japonicus, mallotusinic acid), Oenothera (Oenothera erythrosepala, oenothein B), pomegranate (Punica granatum, granatin B), rose (Rosa rugosa, rugosin) and Terminalia chebula (chebulinic acid).
THE BIOAVAILABILITY OF ELLAGITANNINS AND ELLAGIC ACID
The bioavailability of ellagitannins and free ellagic acid depends on the part of gastrointestinal tract in which these compounds are absorbed. In vitro studies have shown that ellagitannins are stable under the conditions of the acidic gastric environment (HCl, pH 1.8--2.0) and in the presence of gastric enzymes (pepsin, rennin, gastric lipase) and undergo neither hydrolysis to free ellagic acid nor degradation [Haslam 2009 ]. Furthermore, by pancreatic enzymes and bile salts do not hydrolyse ellagitannins into ellagic acid, either. Acidifi ed chyme is transported in small portions from the stomach to further sections of the gastrointestinal tract (the duodenum and small intestine), where pH is higher and more suitable for hydrolysis of ellagitannins (pH 7.1-8.4). The best conditions for hydrolysis are at neutral or slightly alkaline pH in the range from 7.0 to 7.3 [Larrosa et al. 2006] . In the stomach, the absorption of ellagitannins is not possible due to their complex chemical structure. However, the stomach is the fi rst part of the digestive system where free ellagic acid molecules can be absorbed.
Epithelial cell lines have been successfully used in transepithelial transport studies. They allow for comparison of the bioavailability of a large number of compounds under the same conditions [Grajek 2007 ]. Metabolism studies using the gastric KATO-III cell line and the intestinal Caco-2 cell line have shown that the absorption and metabolism of ellagitannins and ellagic acid are associated with specifi c products of cell metabolism. Therefore, the uptake and hydrolysis of ellagitannins are not directly related to the type of cells but to the environmental conditions associated with the secretion of specifi c metabolites by the cells [Tomas--Barberan et al. 2009 ]. Moreover, the greatest impact on the bioavailability of ellagitannins and ellagic acid is exerted by the effectiveness of their release from the food matrix, concentration, and the way of connecting with other ingredients in the medium [Grajek 2007 ].
Gastrointestinal cell lines in in vivo studies constitute a model of interaction between intestinal cells and ellagitannin extracts.
Ellagitannins are not absorbed by Caco-2 cells, but their concentration in the culture medium decreases. This may be due to precipitation, degradation, or binding to the proteins present in the environment. In contract, ellagic acid is absorbed by gastrointestinal tract cells and can be quickly transformed into methyl ethers by catechol-O-methyltransferase (COMT, EC 2.1.1.6). COMT is an intracellular enzyme responsible for the degradation of catecholamines by introducing one or two methyl ethers into them.
Research into the absorption of ellagic acid by the cell line Caco-2 confi rmed signifi cant accumulation of ellagic acid in the cells. As much as 93% of absorbed ellagic acid was permanently bound to macromolecules such as proteins and DNA. The accumulation of ellagic acid in intestinal epithelial cells is proportional to the incubation time in a medium containing ellagic acid [Whitley et al. 2003 ].
Cancer cell lines are used to assess the impact of external and internal factors on cells, but they are not always ideal models for such interactions, for example, in the case of apoptosis. It would be preferable to fi nd an agent that would trigger apoptosis of tumor cells. In vitro studies using punicalagin and Caco-2 cells have shown that punicalagin and ellagic acid induce apoptosis in Caco-2 cancer cells, but not in normal cells. Furthermore, punicalagin undergoes hydrolysis in Caco-2 cells to dimethyl derivatives of ellagic acid, which require the active presence of COMT, but not to ellagic acid in contrast to normal cells [Larrosa et al. 2006] .
During the remaining phases of digestion, ellagitannins and ellagic acid are transformed by the intestinal microbiota to dibenzopyranone metabolites -urolithin A and B, which are absorbed in the intestine and undergo glucuronidation. In this case, methyl ether is not formed and urolithins do not have ortho-dihydroxyphenyl units in their structure. Besides, urolithin A (3, d] pyran-6-one) undergoes hydroxylation by cytochrome P-450, therefore, it may have an improved ability to glucuronidate and enhance the excretion of specifi c metabolites [Tomas-Barberan et al. 2009 ].
THE ANTIMICROBIAL ACTIVITY OF ELLAGITANNINS
Ellagitannins exhibit antimicrobial activity against bacteria, fungi and even viruses. Antibacterial activity is the main type of their interactions [Funatogawa et al. 2004 , Taguri et al. 2006 . The effect of the presence of ellagitannins in bacteria has been examined and it has been found that the hydrolysable tannins have an antibacterial effect for a short time (up to seven days), regardless of their molecular weight , Kołodziej et al. 2000 . The antibacterial activity of ellagitannins, such as corilagin or phyllanthusiin C, against Escherichia coli, Klebsiella pneumoniae, Bacillus subtilis, Pseudomonas aeruginosa, and Proteus mirabilis is low (MIC 1000-2000 μg·mL -1 ) ]. Corilagin showed a moderate infl uence on Staphylococcus aureus (MIC 250 mg·mL -1 ) as compared to the well-studied effect of penicillin G (MIC 125 mg·mL -1 against Staphylococcus) [Hatano et al. 2005 , 2008 , Shiota et al. 2004 ]. The inhibition of the growth of fungi, such as Candida albicans and Cryptococcus neoformans, by corilagin and phyllanthusiin C is similar to their effect against Staphylococcus spp. (MIC 125-500 mg·mL -1 ) , Kołodziej et al. 2000 .
Another advantage of ellagitannins is their inhibitory activity against antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA) or bacteria resistant to β-lactam antibiotics ]. Polyphenols derived from blackberry roots exhibit bactericidal activity against MRSA, carbapenem-resistant Acinetobacter baumannii and Staphylococcus anthracis. Moreover, polyphenols extracted from blackberry fruits show stronger antimicrobial properties than those extracted from the roots [Kim et al. 2013] .
The antifungal properties of ellagitannins have not been investigated suffi ciently. Studies have shown the inhibitory activity of ellagitannins isolated from the plant Euphorbia antisyphilitica Zucc against the phytopathogenic fungi: Alternaria alternata, Fusarium oxysporum f. sp. lycopersici, Colletotrichum gloeosporioides and Rhizoctonia solani. In vitro analysis has confi rmed the antifungal activity of candelitannin, an ellagitannin isolated from Euphorbia, against all the tested fungi (Fig. 3 a) [Ascacio-Valdés et al. 2013] .
Similar effects have been observed by scientists studying the antagonistic activity of ellagitannins isolated from the plant Ocotea odorifera (Lauraceae) [Yamaguchi et al. 2011] . The ellagitannin known as tellimagrandin II (Fig. 3 b) has been found to inhibit the yeast Candida parapsilosis ATCC 22019. The minimum inhibitory concentration of tellimagrandin II is 12.5 μg·mL -1 [Yamaguchi et al. 2011 ]. According to Grywalska et al. [2013] , ellagitannins and ellagic acid inhibit the growth of EpsteinBarr virus (EBV). This virus attacks the T antigen and may have oncogenic activity being a factor causing endemic lymphoma (Burkitt's lymphoma) or cancer of the oropharynx.
ANTI-INFLAMMATORY ACTIVITY
The anti-infl ammatory activity of ellagitannins and ellagic acid has been tested on animals (mice) infected with pneumonia [Rogerio 2013] . Pneumonia is characterised by high morbidity and mortality [Matthay et al. 2012] . Ellagic acid has been found to mitigate infl ammation and reduce the duration of the disease. In addition, it reduces the level of proinfl ammatory cytokines IL-6 and increases that of anti-infl ammatory cytokines IL-10 [Rogerio 2013 ].
The anti-infl ammatory activity of polyphenols isolated from blackberries (Rubus coreanus Mediquel) has been confi rmed by analysing the levels of nitric oxide (NO), cytokines (IL-10020, IL-6 and IL-10) Pol., Technol. Aliment. 13(3), 289-299.
www.food.actapol.net/ and prostaglandin E2 (PGE 2 ) produced in lipopolysaccharide-stimulated murine macrophages (RAW 264.7 cells). Furthermore, the polyphenols obtained from the roots exhibit a better anti-infl ammatory effect than those derived from the fruits [Kim et al. 2013] .
ANTITUMOR ACTIVITY OF ELLAGITANNINS
The antitumor activity of ellagitannins has been determined as an example of their selective cytotoxic properties against cancer cell lines .
A study using an animal model (rats) confi rmed the anticancer properties of the ellagic acid contained in some berries against esophageal cancer , Stoner et al. 1999 . In addition, it has been shown that ellagic acid inhibits some carcinogenic compounds such as polycyclic aromatic hydrocarbons, nitrosamines and heterocyclic aromatic amines. Ellagitannins which may inhibit some mutagenic properties include geraniin, mallotusinic acid, pedunculagin, agrimoniin, and epigallocatechin gallate (EGCG). The main examples of inhibited substances are: Trp-P-1 (3-amino-1,4-dimethyl-5H pyrido [4,3-b] indole), MNNG (N-methyl-N'-nitro-N--nitrosoguanidine) and N-OH-Trp-P-2 (3-hydroxyamino-1-methyl-5H-pyrido [4,3-b] indole) .
Ellagitannins limit the mutagenic properties of some chemical compounds and can hamper the initiation of carcinogenesis. Plants rich in ellagitannins may prevent or delay the lengthy carcinogenesis process ]. Ellagitannins and ellagic acid inhibit cancers of the mouth, esophagus, lung, breast, liver and colon [Aqil et al. 2012 , González-Sarrías et al. 2013 a, b, Sakagami et al. 2000 , Wang et al. 2010 , 2013 .
Antitumor tests have been conducted using mice whose skin surface was treated with ellagic acid and ellagitannins isolated from the plants Cowania mexicana and Coleogyne ramosissima. Then, the mice were exposed to two chemical compounds: 12-O--tetradecanoylforbol-13-acetate (TPA) and 7,12-dimethylbenzanthracene (DMBA). TPA and DMBA can initiate carcinogenesis acting together. Research has shown that the level of TPA was signifi cantly reduced due to ellagitannins prior to its reaction with the other agent, DMBA ].
SUMMARY
The present paper reports on a number of studies concerning the bioavailability and biological activity of ellagitannins. The existing research is insuffi cient, especially in the fi eld of anti-tumor and antifungal activity of ellagitannins. Furthermore, since molds and yeasts are the most common cause of food spoilage, if ellagitannins are confi rmed to exhibit some antifungal activity against selected strains, they could be a b Fig. 3 . Antifungal ellagitannins: a -candelitannin (molecular weight 863 g/mol), b -tellimagrandin II (molecular weight 939 g/mol) [Yamaguchi et al. 2011 , Ascacio-Valdes et al. 2013 used as alternative food preservatives. Another area of research where current knowledge is limited is the anti-cancer activity of ellagitannins. Scientifi c reports show a correlation between consumption of food rich in ellagitannins and the inhibition of tumorigenesis, but the mechanism of this process is not yet understood. Currently, oxidative stress is the most likely factor linked with the development of cancer. Given the above, further studies on the biological activity of ellagitannins are required.
